Diabetic complications are the leading cause of morbidity and mortality in diabetic patients. Elevated blood glucose contributes to the development of endothelial and vascular dysfunction, and, consequently, to diabetic micro-and macrovascular complications, because it increases the mitochondrial proton gradient and mitochondrial oxidant production. Therapeutic approaches designed to counteract glucose-induced mitochondrial reactive oxygen species (ROS) production in the vasculature are expected to show efficacy against all diabetic complications, but direct pharmacological targeting (scavenging) of mitochondrial oxidants remains challenging due to the high reactivity of some of these oxidant species. In a recent study, we have conducted a medium-throughput cell-based screening of a focused library of well-annotated pharmacologically active compounds and identified glucocorticoids as inhibitors of mitochondrial superoxide production in microvascular endothelial cells exposed to elevated extracellular glucose. The goal of the current study was to investigate the mechanism of glucocorticoids' action. Our findings show that glucocorticoids induce the expression of the mitochondrial UCP2 protein and decrease the mitochondrial potential. UCP2 silencing prevents the protective effect of the glucocorticoids on ROS production. UCP2 induction also increases the oxygen consumption and the "proton leak" in microvascular endothelial cells. Furthermore, glutamine supplementation augments the effect of glucocorticoids via further enhancing the expression of UCP2 at the translational level. We conclude that UCP2 induction represents a novel experimental therapeutic intervention in diabetic vascular complications. While direct repurposing of glucocorticoids may not be possible for the therapy of diabetic complications due to their significant side effects that develop during chronic administration, the UCP2 pathway may be therapeutically targetable by other, glucocorticoid-independent pharmacological means.
Introduction endothelial cells of 129/Sv mice by immortalization with the Polyoma virus middle T-antigen
. The cells were maintained in Dulbecco's modified Eagle's medium (DMEM) (Biochrom AG, Berlin, Germany) containing 1g/l glucose supplemented with 10% fetal bovine serum (FBS, Hyclone, Logan, UT), 1% non-essential amino acids, 100 IU/ml penicillin and 100 μg/ml streptomycin (Invitrogen, Carlsbad, CA) at 37°C in 10% CO 2 atmosphere [28] . bEnd.3 microvascular cells were purchased from the American Type Culture Collection (ATCC, Manassas, VA) and maintained similarly. This cell line was established by infecting BALB/c cortical capillary endothelial cells with the Polyoma middle T-antigen expressing retrovirus [30, 31] . EA. hy926 human endothelial cells were obtained from ATCC (Manassas, VA) and maintained in DMEM containing 1 g/l glucose supplemented with 10% FBS, 1% non-essential amino acids, 100 IU/ml penicillin and 100 μg/ml streptomycin. HepG2 human hepatocellular carcinoma cells were obtained from ATCC (Manassas, VA) and maintained in Eagle's minimum essential medium (EMEM, Cellgro Mediatech Inc., Manassas, VA) supplemented with 10% FBS, 100 IU/ml penicillin and 100 μg/ml streptomycin.
Hyperglycemia-induced mitochondrial ROS production and compound treatments
Mitochondrial ROS generation can be induced by prolonged exposure to high glucose in endothelial cells as we previously described [28] . Microvascular endothelial cells (20 000/well) were plated into 96-well tissue culture plates and were cultured for 24 hours. Hyperglycemia (40mM glucose) was initiated by replacing the culture medium with fresh DMEM containing 7.2 g/l glucose supplemented with 10% FBS, 1% non-essential amino acids, 100 IU/ml penicillin and 100 μg/ml streptomycin and the cells were exposed to high glucose level for 10 days if not noted otherwise. The culture medium was supplemented with pyruvate (10 mM) as fresh source of energy after 4 days of exposure.
EA.hy926 cells were used in a similar manner but were exposed to hyperglycemia in medium 199 (M199, Sigma-Aldrich, St. Louis, MO) supplemented with 15% FBS, 4 mM glutamine, 7.5 U/ml heparin, 2.5 μg/ml human endothelial cell growth factor (ECGF, R&D Systems, Minneapolis, MN), 2 ng/ml human epidermal growth factor (EGF, R&D Systems, Minneapolis, MN), 100 IU/ml penicillin and 100 μg/ml streptomycin.
Dexamethasone and mifepristone were purchased from Sigma-Aldrich (St. Louis, MO) and were dissolved at 10 mM in dimethyl sulfoxide (DMSO). Dilutions were made in DMSO and phosphate buffered saline (PBS) to administer the compounds in 1/20 culture volume with final DMSO concentration of 0.5%. The cells were treated with the compounds for 3 days by administering the drugs on the 7 th days of the hyperglycemic exposure unless otherwise stated.
ROS production and viability
Μeasurements of the mitochondrial superoxide generation by MitoSOX Red and the cellular reactive oxygen species (ROS) production by CM-H 2 DCFDA were previously described [28] . After the hyperglycemia exposure the cells were loaded with the mitochondrial superoxide sensor MitoSOX™ Red (2.5 μM, Life Technologies, Carlsbad, CA) or with the cell-permeable ROS indicator 5-(and-6)-chloromethyl-2',7'-dichlorodihydrofluorescein diacetate (CM-H 2 DCFDA, 10 μM, Life Technologies, Carlsbad, CA) and DNA stain Hoechst 33342 (10 μM) for 25min. Reading medium (PBS supplemented with 1 g/l glucose and 10% bovine growth serum (BGS, Hyclone, Logan, UT) was added to the cells and the oxidation of MitoSOX™ Red (Ex/Em: 530/ 590nm) or CM-H 2 DCFDA (Ex/Em: 485/528 nm) was recorded kinetically on Synergy 2 plate reader (BioTek, Winooski, VT) at 37°C for 35 min. ROS production is shown as the Vmax value of the fluorescence probe oxidation or as percent values of Vmax values of control cells.
The fluorescence of Hoechst 33342 (Ex/Em: 360/460 nm) was used to calculate the viability of the cells using a calibration curve created by serial dilution of the cells.
Mitochondrial membrane potential
The mitochondrial potential was measured with JC-1 (Sigma-Aldrich, St. Louis, MO) fluorescent probe as previously described [32] . The cells were loaded with the dye by exposing them to JC-1 stain solution containing 10 μM JC-1 and 0.6 mM β-cyclodextrin (Sigma-Aldrich, St. Louis, MO) in OptiMEM I medium at 37°C for 30 min. Subsequently, the cells were washed in phosphate buffered saline (PBS) and the red (Ex/Em: 485/528nm) and green (Ex/Em: 530/ 590nm) fluorescence was measured on a microplate reader (Synergy 2, Biotek, Winooski, VT, USA). The mitochondrial potential is reported as percent values of the ratio of the mitochondrial J-aggregates (red fluorescence) and the cytoplasmic monomer form of the dyes (green fluorescence) compared to vehicle-treated normoglycemic control cells. Changes in the mitochondrial potential were also investigated by measuring the uptake of Mitotracker Green FM (Life Technologies, Carlsbad, CA). The uptake of the Mitotracker Green FM is potential-sensitive but it is less sensitive for rapid changes than JC-1 [33] . The cells were loaded with Mitotracker Green FM (0.5 μM) and Hoechst 33342 (10 μM) in PBS at 37°C for 30 min, then the cells were washed twice and the fluorescence of Mitotracker Green (Ex/Em: 485/528 nm) and Hoechst 33342 (Ex/Em: 360/460 nm) was recorded on Synergy 2 reader (BioTek, Winooski, VT).
MTT and LDH assays, ATP measurement
The MTT assay and LDH activity measurements were performed as previously described [34, 35] . Briefly, the cells were incubated in medium containing 0.5 mg/mL 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT, Calbiochem, EMD BioSciences, San Diego, CA) for 1 hour at 37°C at 10% CO 2 atmosphere. The converted formazan dye was dissolved in isopropanol and the absorbance was measured at 570 nm. Serial dilution of the cells was used to fit a curve on the absorbance values. MTT conversion rate values are shown as percent values relative to normoglycemic controls.
Total LDH content of the cells was measured by lysing the cells in 0.15 M saline containing 1% Triton-X-100 (30 μl/well) and measuring the LDH activity by adding 100 μl LDH assay reagent containing 110 mM lactic acid, 1350 mM nicotinamide adenine dinucleotide (NAD + ), 290 mM N-methylphenazonium methyl sulfate (PMS), 685 mM 2-(4-Iodophenyl)-3-(4-nitrophenyl)-5-phenyl-2H-tetrazolium chloride (INT) and 200 mM Tris (pH 8.2). The changes in absorbance were read kinetically at 492 nm for 15 min (kinetic LDH assay). LDH activity values are shown as percent values relative to cells maintained under normoglycemia. ATP concentration was determined by the commercially available CellTiter-Glo1 Luminescent Cell Viability Assay (Promega, Madion, WI). The cells were lysed in 100 μL of CellTiter-Glo reagent according to the manufacturer's recommendations and the luminescent signal was recorded for 1 s on a high sensitivity luminometer (Synergy Mx, Biotek, Winooski, VT, USA). The assay is based on ATP requiring luciferen-oxyluciferin conversion mediated by a thermostable luciferase that generates a stable "glow-type" luminescent signal. ATP standard (dilution series) was used to calculate the cellular ATP amount and the ATP values are shown as percent values of the normoglycemic controls.
siRNA mediated gene silencing and real-time PCR measurements
Gene silencing and RNA level gene expression measurements were performed as previously described [35] . b.End3 cells (20,000/well) were plated on 96-well plates, the following day the cells were transfected with uncoupling protein 2 (UCP2) siRNA (1 pmol/well, Silencer Select, assay ID: s75721, Life Technologies, Carlsbad, CA) using Lipofectamine 2000 transfection reagent. Control cells were transfected with Silencer Select negative control #1 siRNA (ID: 4390844, Life Technologies, Carlsbad, CA). The knockdown efficiency was evaluated by real time PCR to confirm that the silencing lasts for 10 days.
Total RNA was isolated using a commercial RNA purification kit (SV total RNA isolation kit, Promega, Madison, WI). 2 μg RNA was reverse transcribed using the High Capacity cDNA Archive kit (Applied Biosystems, Foster City, CA) as previously described [28, 35, 36] . UCP2 expression was measured using species-specific UCP2 Taqman assays (murine assay ID: Mm00627598_m1, human assay ID: Hs01075227_m1, Life Technologies, Carlsbad, CA) and VIC-labeled 18S rRNA control reagents (Cat# 4308329 for murine and Cat# 4310893E for human samples, Life Technologies, Carlsbad, CA) for normalization on a CFX96 thermocycler (Bio-Rad, Hercules, CA). The expression of uncoupling protein 3 (UCP3) was measured by the following Taqman assay: assay ID: Mm01163394_m1 (Life Technologies, Carlsbad, CA).
Mitochondria isolation, western blotting
Endothelial cells were exposed to hyperglycemia or maintained under normoglycemic conditions for 10 days and the mitochondria were isolated using the Mouse Mitochondria Isolation Kit (Miltenyi Biotec Inc., Auburn, CA). The cells were washed in PBS, scraped in separation buffer and lysed using a Dounce homogenizer. The lysates were incubated with anti-TOM22 microbeads (1:200) at 4°C for 1 hour to magnetically label the mitochondria. Then the labeled mitochondria were captured on a MACS separation column and washed with separation buffer. Finally, mitochondria were eluted by flushing the column with 1.5 ml buffer, pelleted and resuspended in 100 μl storage buffer. Mitochondria samples (10 μg protein) were heated to 37°C for 5 min. and resolved on 4-12% NuPage Bis-Tris acrylamide gels (Invitrogen, Carlsbad, CA) then transferred to nitrocellulose. Membranes were blocked in 10% non-fat dried milk and probed overnight with MitoProfile Total OXPHOS Rodent WB Antibody Cocktail Cell samples were lysed in denaturing loading buffer (20 mM Tris, 2% SDS, 10% glycerol, 6 M urea, 100 μg/ml bromophenol blue, 200 mM ß-mercaptoethanol) [35, 36] . Lysates were sonicated, boiled and resolved on 4-12% NuPage Bis-Tris acrylamide gels (Invitrogen, Carlsbad, CA), then transferred to nitrocellulose. Membranes were blocked in 10% non-fat dried milk and probed overnight with UCP-2 antibody (1:100, Santa Cruz Biotechnology Inc., Dallas, TX). After incubation with peroxidase conjugates (Cell Signaling, Danvers, MA) the blots were detected on a CCD-camera based detection system (GBox, Syngene USA, Frederick, MD) with enhanced chemiluminescent substrate. To normalize the signals, membranes were reprobed with horseradish peroxidase labeled actin antibody (1:3000, Santa Cruz Biotechnology Inc., Dallas, TX). The signals were quantitated using Genetools analysis software (Syngene USA, Frederick, MD).
microplates that allows real-time measurement of oxygen and proton concentration changes via specific fluorescent dyes and calculates OCR (oxygen consumption rate) and PPR (proton production rate), measures of mitochondrial respiration and glycolytic activity. The proton production rate is expressed in pMol/min, while ECAR is in pH/min. The OCR and PPR values represent the metabolism of cells, but may also reflect the number of viable cells.
b.End3 cells were transfected with UCP2 or control siRNA and exposed to hyperglycemia for 5 days as described above. The culture medium was changed to unbuffered DMEM (pH 7.4) containing 5 mM glucose, 2 mM L-glutamine and 1 mM sodium pyruvate to allow measurement of the proton production. After determining the basal OCR and PPR values, the cells were treated with mifepristone (3 μM) and the OCR and PPR values were monitored for 8 hours. Subsequently oligomycin, FCCP and antimycin A were injected through the ports of the Seahorse Flux Pak cartridge to reach final concentrations of 1 μg/ml, 0.3 μM and 2 μg/ml, respectively, to determine the amount of oxygen consumption linked to ATP production, the level of non-ATP-linked oxygen consumption (proton leak) as well as the maximal respiration capacity and the non-mitochondrial oxygen consumption.
Statistics
One-way analysis of variance (ANOVA) was used to detect differences between groups. Post hoc comparisons were made using Tukey's test. A value of p < 0.05 was considered statistically significant. All statistical calculations were performed using Prism 6 analysis software (GraphPad Software, Inc., La Jolla, CA). Data are shown as mean ± SEM values.
Results
High glucose exposure induce mitochondrial hyperpolarization in b.
End3 microvascular endothelial cells
To uncover the mechanism of action of glucocorticoid steroids against the glucose-induced mitochondrial ROS generation we characterized the major metabolic changes associated with the increased ROS production in the b.End3 cells exposed to hyperglycemia. b.End3 microvascular endothelial cells show a progressive increase in the mitochondrial MTT conversion but there is no change in the lactate dehydrogenase (LDH) activity when exposed to hyperglycemia (Fig 1A and 1B) . MTT is believed to be converted predominantly by the mitochondrial succinate dehydrogenase enzyme (respiratory complex II) [39] , thus the MTT assay primarily depicts the oxidative phosphorylation (OXPHOS) and the aerobic metabolism of the cells, whereas LDH is a key enzyme in the anaerobic metabolism. The mitochondrial membrane potential shows a similar progressive increase in the cells as the MTT conversion ( Fig 1C) with significantly increased values after 5 days of exposure. These changes have no effect on the cellular ATP content. The cells maintain a stable energy level until the 10 th day of exposure, when they start to show a decline in the ATP level ( Fig 1D) . While the cellular LDH content (anaerobic metabolism) increases at that time ( Fig 1B) , it is not sufficient to reinstate the cellular energy level (Fig 1D) .
Both the mitochondrial and the cytoplasmic ROS production increases in the cells exposed to hyperglycemia, as measured by the mitochondrial superoxide-sensitive MitoSOX Red probe and the H 2 O 2 -sensitive 5-(and-6)-chloromethyl-2',7'-dichlorodihydro-fluorescein diacetate, acetyl ester (CM-H 2 DCFDA) (Fig 1E and 1F) . Significantly increased ROS production is detectable already on the 3 rd day of the hyperglycemic exposure, and on the subsequent days a progressive increase can be observed similar to the increase in the mitochondrial membrane potential. We previously reported that there is not much change in the expression of the mitochondrial metabolism associated genes in microvascular endothelial cells in response to high glucose exposure [28] . We tested, whether there is any change in the assembly of the mitochondrial respiratory complexes (Fig 1G) , but we found no alteration in them. While there is no detectable change in the respiratory complex assembly, there seems to be a functional deficit in the mitochondrial electron transfer or in the chemiosmotic coupling, since the mitochondria fail to use the elevated membrane potential to produce more ATP or even to maintain the basal cellular energy level after prolonged exposure to high glucose. Thus, the increased glucose load leads to mitochondrial hyperpolarization that might be responsible for the increased ROS generation in the b.End3 cells.
Glucocorticoids inhibit the mitochondrial ROS production in microvascular endothelial cells
We found that glucocorticoid steroids inhibit the glucose-induced mitochondrial ROS production in microvascular endothelial cells [28] . This novel anti-ROS action of glucocorticoids was clearly shared by the whole class of glucocorticoid steroid drugs tested. Flunisolide reduced the mitochondrial ROS production by 25%, budesonide by 23%, flurandrenolide by 19%, methylprednisolone by 17%, dexamethasone by 16% and betamethasone by 15% in our previous screen [28] . We found that dexamethasone reduced the high glucose-induced mitochondrial ROS production both in the Sv129-derived b.End3 and the BalbC-derived bEnd.3 microvascular endothelial cells in a concentration-dependent manner (Fig 2A and 2C ) without affecting the cellular viability (Fig 2B and 2D ). Dexamethasone reached its maximum effect in the nanomolar concentration range in microvascular endothelial cells, but it had no effect on the hyperglycemia-induced mitochondrial ROS production in the EA.hy926 venous endothelial cell line (Fig 2E and 2F ). Next we tested the effect of the partial glucocorticoid receptor (GR) antagonist mifepristone on the ROS production inhibitory effect of dexamethasone in b.End3 cells. Unexpectedly, mifepristone did not block the effect of dexamethasone, but further reduced the mitochondrial ROS production in endothelial cells (Fig 3A and 3B) . We found that mifepristone by itself decreased the hyperglycemia-induced ROS production in both microvascular endothelial cell lines (Fig 3C-3F ), and at low micromolar concentrations it was more effective than dexamethasone. Interestingly, the antifungal ketoconazole and miconazole, that also show glucocorticoid receptor antagonist activity, similarly reduced the mitochondrial ROS production (by 9.6 and 18.7% respectively) in our previous screen [28] .
Glucocorticoids restore the mitochondrial potential and induce UCP2 expression
Since we found that hyperglycemia induces an increase in the mitochondrial potential, we tested whether the anti-ROS activity of glucocorticoids affects the mitochondrial potential. We found that both dexamethasone and mifepristone normalized the mitochondrial potential in b. End3 cells (Fig 4A and 4B) , and no decrease but an increase was detectable in the EA.hy926 venous endothelial cells in which dexamethasone did not reduce the mitochondrial ROS End3 microvascular endothelial cells were exposed to high glucose for 7 days and were treated with dexamethasone at the indicated concentrations for 3 days. A: ROS production was measured with the mitochondrial superoxide specific MitoSOX Red and (B) the viability was determined by measuring the Hoechst 33342 DNA dye uptake. C, D: b.End3 cells were exposed to high glucose for 7 days and were treated with mifepristone at the indicated concentrations for 3 days. C: ROS production was measured with the mitochondrial superoxide specific MitoSOX Red and (D) viability was determined by measuring the Hoechst 33342 DNA dye uptake. E, F: EA.hy926 human venous endothelial cells were exposed to high glucose for 7 days and treated with dexamethasone at the indicated concentrations for 3 days. E: The mitochondrial superoxide production was determined by MitoSOX Red stain and F: the viability by Hoechst 33342 DNA dye uptake. (#p<0.05 high-glucose exposure induced significant changes compared to cells maintained in low glucose containing medium,*p<0.05 glucocorticoid treatment significantly reduced the ROS production.)
doi:10.1371/journal.pone.0154813.g002 The viability was determined by measuring the Hoechst 33342 DNA dye uptake. E, F: bEnd.3 BALB/c murine microvascular endothelial cells were exposed to high glucose for 7 days and were treated with mifepristone for 3 days at the indicate concentrations. E: The mitochondrial ROS production was measured by MitoSOX Red and F: the viability was determined by the Hoechst 33342 uptake.
(#p<0.05 high-glucose exposure induced significant changes compared to cells maintained in low glucose containing medium,*p<0.05 glucocorticoid treatment significantly reduced the ROS production, §p<0.05 mifepristone induced significant reduction in the ROS generation compared to dexamethasone alone.)
doi:10.1371/journal.pone.0154813.g003
Glucocorticoids Upregulate UCP2 production ( Fig 4C) . To test whether the uncoupling proteins are involved in the steroidinduced decrease in the mitochondrial potential we measured the expression of uncoupling protein 2 (UCP2) and 3 (UCP3). Both dexamethasone and mifepristone induced a~10-fold increase in the expression of UCP2 at the mRNA level in b.End3 microvascular endothelial cells (Fig 4D and 4E) . On the other hand, in the EA.hy926 venous endothelial cells, hyperglycemia by itself induced a~1.5 fold increase in UCP2 expression and dexamethasone significantly reduced the expression of UCP2 both at the mRNA (Fig 4F) and at the protein level (S1 Fig) . While glucocorticoids were found to induce the expression of UCP3 in muscle cells [40] we found that the expression of UCP3 was very low in the endothelial cells (threshold cycle values over 35 were measured) and remained unchanged in response to steroids suggesting a predominant role for UCP2 in the endothelial cells. Next we investigated the time course of UCP2 induction by glucocorticoid steroids in b. End3 cells. We found that both dexamethasone and mifepristone induced UCP2 expression in a time-dependent fashion: the level of UPC2 mRNA doubled every two hours in the first 8 hours of steroid exposure with further increase measurable after 24 hours (Fig 5A and 5B) . End3 endothelial cells were exposed to high glucose for 7 days and treated with the dexamethasone (1 μM) or mifepristone (3 μM) for 3 days. A, B: Changes in the mitochondrial potential were determined by measuring the MitoTracker Green uptake (A) or the ratio of the mitochondrial J-aggregate and the free cytoplasmic form of JC-1 (B). C, F: EA.hy926 human venous cells were exposed to high glucose for 7 days and treated with dexamethasone (1 μM) for 3 days. C: The mitochondrial membrane potential was measured by JC-1 dye. D, E, F: UCP2 expression was determined by realtime PCR using Taqman assays. (#p<0.05 high-glucose exposure induced significant changes compared to cells maintained in low glucose containing medium,*p<0.05 glucocorticoid treatment induced significant changes.) doi:10.1371/journal.pone.0154813.g004
Similar changes were measured at the protein level in the first 8 hours, but no further increase was detectable at 24 hours (Fig 5C and 5D) . Glucocorticoids steroids affected the UCP2 expression in microvascular endothelial cells at a concentration that is close to the circulatory levels of cortisol, so we tested whether they affect the expression of UCP2 in liver cells, the major site of energy metabolism. No change was detectable in UCP2 expression following dexamethasone treatment in HepG2 cells (Fig 5D) , only a slight reduction was measurable in response to mifepristone (Fig 5E) suggesting that the glucocorticoid-induced UCP2 expression is not a universal phenomenon, but this effect is restricted to certain cell types including the microvascular endothelial cells.
Since UCP2 expression is regulated by glutamine availability at the translational level [41] , we tested whether the amount of glutamine affects the UCP2 expression and the mitochondrial ROS production in b.End3 cells. Restricting the glutamine amount or supplementing the culture medium with additional glutamine had little effect on the mitochondrial ROS production in the absence of glucocorticoids (Fig 6A and 6B) , but it had a marked effect in combination with dexamethasone if the ROS production was measured after a longer treatment period. The complete removal of glutamine blocked the ROS inhibitory effect of dexamethasone and the extra glutamine potentiated the effect of dexamethasone (Fig 6A and 6B) . As expected, the amount of UCP2 protein increased after the combined dexamethasone and glutamine treatment in the cells (Fig 6C and 6D) . Previous reports found that glucocorticoids may control the mitochondrial oxidative phosphorylation by multiple mechanisms: 1) by inducing the expression of nuclear-encoded OXPHOS genes, including cytochrome c [42] and cytochrome c oxidases 1-4 [43] [44] [45] [46] , 2) by directly controlling the mitochondrial gene expression [47] , 3) by affecting the mitochondrial DNA replication [48, 49] and 4) by regulating the expression of UCP3 via a sirtuin 1 (SIRT)-mediated mechanism [40] . To test the possible contribution of the above actions of glucocorticoid steroids to the inhibitory effect on mitochondrial ROS generation, we measured the mitochondrial DNA (mtDNA) content of endothelial cells and the expression of previously identified target genes. We found that the hyperglycemic exposure reduced the mtDNA content of the cells and dexamethasone induced a significant reduction in the mtDNA content ( S2  Fig). The expression of glucocorticoid receptor (GR) was suppressed in cells treated with dexamethasone confirming a negative feedback regulation (S3A Fig), but no reduction was measured in the expression of SIRT (S3B Fig), nor in the expression of the mitochondrial-encoded 16S RNA or COX3 genes (S3C and S3E Fig) . While the complete depletion of the mtDNA may have an effect on the mitochondrial OXPHOS in the cells [50, 51] , we found that the expression of the mitochondrial-encoded genes (COX3, 16S RNA) remained unchanged, thus the reduction of the mtDNA content may not have a significant impact on the mitochondrial respiration and ROS production in b.End3 cells. The expression of the nuclear encoded electron carrier cytochrome c (Cyt C) was suppressed in dexamethasone-treated endothelial cells (S3D Fig). While the complete lack of cytochrome c causes deficiency in the respiration and leads to embryonic lethality in mice [52, 53] , the reduced expression may not be responsible for the reduced mitochondrial ROS production in the b.End3 cells, since we neither measured inhibition of the mitochondrial respiration nor a change in the cellular ATP content.
UCP2 is responsible for the physiological mitochondrial membrane potential in microvascular endothelial cells and the anti-ROS action of glucocorticoids
Since the above results suggested that the induction of UCP2 expression may be responsible for the glucocorticoid steroid-mediated anti-ROS effect in microvascular endothelial cells, we used siRNA-mediated gene silencing to examine the role of UCP2 in the mitochondrial potential and superoxide generation in hyperglycemic b.End3 cells. siRNA-mediated knockdown significantly reduced the expression of UCP2 both in normo-and hyperglycemic b.End3 cells for 10 days ( Fig  7A) and partially blocked the steroid-induced UCP2 induction in the cells (Fig 7B) . UCP2 silencing not only blocked the ROS-inhibitory effect of mifepristone but also caused an increase in the mitochondrial superoxide generation by itself (Fig 7C) . Interestingly, it coincided with a decrease in the cytoplasmic ROS generation as measured with the H 2 O 2 -sensitive CM-H 2 DCFDA probe (Fig 7D) . The reduced level of UCP2 caused an increase in the mitochondrial potential and partially blocked the membrane potential normalizing effect of mifepristone as measured by JC-1 ( Fig 7E) and by MitoTracker Green FM uptake (Fig 7F) . No change was detectable in the cell viability (Fig 7G) but the cellular ATP content showed an increasing tendency with the reduced UCP2 level (Fig 7G) . Overall, these results suggest that UCP2 regulates the physiological mitochondrial membrane potential in microvascular endothelial cells and UCP2 expression is responsible for the decrease induced by glucocorticoid steroids in the hyperglycemic endothelial cells.
UCP2 induction leads to an aerobic shift in the cellular metabolism in b. End3 microvascular endothelial cells UCP2 was found to regulate the energy metabolism in stem cells [54] and the induction of UCP2 expression was shown to reduce the mitochondrial membrane potential and ROS production in A549 lung adenocarcinoma cells in which it also induced a shift in the cellular metabolism [55] . To test whether the glucocorticoid-mediated UCP2 induction also affects the metabolism in microvascular endothelial cells, we exposed the cells to hyperglycemia and followed the oxygen consumption and acid production in response to mifepristone. Mifepristone increased the oxygen consumption of the cells (Fig 8A and 8C) and slightly reduced the acid production ( Fig 8B and 8D) resulting in an aerobic shift in the metabolism with a comparable time course to UCP2 induction. Following the steroid-mediated UCP2 induction, higher proton leak was measurable in the hyperglycemic cells (Fig 8E, 8G and 8J ). UCP2 silencing partially blocked the increase of oxygen consumption and diminished the increase in the proton leak (Fig 8E, 8G, 8I and 8J ). While no change was detectable in the basal oxygen consumption of the cells, the hyperglycemic cells showed higher increase in the anaerobic compensation following the inhibition of the mitochondrial respiration (Fig 8F and 8H) . This effect may not be accounted to the increase in the proton leak, since in this respect the UCP2 silenced cells showed similar changes. Altogether, these results suggest that pharmacological induction of UCP2 expression cause distinct changes in the cellular metabolism in microvascular endothelial cells.
Discussion
The key findings of the present study are the following:
1. Exposure to high extracellular glucose concentration induces mitochondrial hyperpolarization in endothelial cells.
2. Glucocorticoid steroids reduce the mitochondrial membrane potential and inhibit mitochondrial ROS generation in microvascular endothelial cells.
3. Glucocorticoids upregulate UCP2 in microvascular endothelial cells.
4. UCP2 functions as the main regulator of the mitochondrial potential in endothelial cells.
Glucose plays a fundamental part in the development of diabetic complications, still the mechanism, how this essential body fuel becomes an enemy, is controversial. The definition of "normoglycemia" has been often debated [56, 57] since the blood glucose level is not a constant value in healthy subjects. Based on the predictive value of glucose level for diabetic complications [58] blood sugar cut-off values were chosen that identify patients at risk for complications [56, 59] , and values below the cut-off values were accepted as normal. In diabetic patients the improved glycemic control was proven to prevent the development of vascular complications [60] [61] [62] [63] confirming the pathogenic role of glucose. Thus, the maintenance of "normoglycemia" has become a widely accepted goal in diabetes management, but "glycemic control" by itself was not able to decrease the incidence of diabetic complications [64] suggesting that additional therapeutic modalities will be necessary. Oxidative stress as a well-recognized contributor to End3 microvascular endothelial cells were transfected with UCP2 siRNA or negative control siRNA and exposed to high glucose for 5 days. Subsequently the cells were treated with mifepristone (3 μM) for 1 day. A: The mitochondrial superoxide production was measured by MitoSOX Red. B: The cellular H 2 O 2 production was measured by CM-H 2 DCFDA. C, D: The mitochondrial membrane potential was measured by JC-1 (C) and also by the uptake of MitoTracker Green (D). E: The cellular viability was determined by measuring the Hoechst 33342 DNA dye uptake. F: The cellular ATP content was measured. G: The viability was determined by measuring the Hoechst 33342 DNA dye uptake. H: Cellular ATP content was determined. (#p<0.05 high-glucose exposure induced significant changes compared to cells maintained in low glucose containing medium,*p<0.05 UCP2 silencing induced significant changes in ROS production and in the mitochondrial potential, § p<0.05 mifepristone significantly reduced the ROS production and the mitochondrial potential.) doi:10.1371/journal.pone.0154813.g007 The cells were treated with mifepristone (3 μM) and A: the cellular oxygen consumption rate (OCR) and B: proton production rate (PPR) was monitored in real time by the Seahorse XF24 Extracellular Flux Analysis system the disease was proposed to connect hyperglycemia to diabetic damage [65] and it was suggested to serve as potential drug target in diabetes [66, 67] . Despite considerable evidence showing beneficial effects of antioxidants, results from large-scale clinical trials conclude that classic antioxidant scavengers may not be appropriate therapeutics in diabetes [68] .
Mitochondria are involved in the hyperglycemia-induced ROS production both as a source of oxidants and also as an activator of other sources of ROS generation in the cells [65] . Glucose uptake occurs via facilitative transporters, thus high extracellular glucose concentration induces a similar rise in the intracellular glucose level. This leads to changes in the substrate availability for cellular metabolism and energy production [69] and it also induces ROS production in endothelial cells [28, 70] . The mitochondrial oxidative phosphorylation couples substrate oxidation to energy production, during which a low percentage (1-2%) of oxygen is used for superoxide production [71] . The main sources of oxidants are complex III and complex I in the mitochondria [72] , but since the respiratory complexes form supercomplexes [73] and there are changes in the relative amount of the respective respiratory complexes in diabetes [74] [75] [76] , other complexes may also contribute to the oxidant production. The electrons used for ROS production will leave behind protons in the intermembrane space that may be released via the uncoupling proteins (UCP) to maintain the physiological membrane potential [77] . This amount of leak is relatively low compared to the measured ATP production/oxygen atom use (P/O) ratios that estimate approximately 20% basal leakage in the cells [77] , but it also requires the neutralization of the oxidants and electron source to resupply the lost ones in the respiratory chain. The mitochondrial antioxidant defense system [78] can cope with the basal mitochondrial ROS production and the enzymes involved in the antioxidant defense are upregulated in diabetes [79] , but for some reason the oxidant production is not properly counterbalanced in diabetes [80] .
Mitochondria produce higher levels of oxidants if the mitochondrial potential is elevated [81, 82] . In the b.End3 endothelial cells the glucose-induced ROS production depends on large part on the mitochondrial membrane potential, since there is no change in the ratios of individual mitochondrial respiratory complexes (Fig 1) and restoration of the mitochondrial potential inhibits the hyperglycemia-induced mitochondrial superoxide production (Figs 2-4) . Here we identify UCP2 upregulation as the mode of action of glucocorticoid steroids (Fig 5) that emerged as potent inhibitors of the mitochondrial oxidant production in our phenotypic assay [28] . Furthermore, UCP2 seems to function as a major controller of mitochondrial ROS production in microvascular endothelial cells, since UCP2 silencing by itself increases the ROS generation and the mitochondrial membrane potential (Fig 7) .
The primary function of UCP2 and UCP3 (uncoupling protein 3) is the limitation of free radical production in the cells [83] . Oxidative stress can rapidly regulate the function of UCP2 via glutathionylation [84, 85] : ROS production activates UCP2 that transfers protons back to the mitochondrial matrix and reduces the membrane potential (protects against hyperpolarization), thus it will reduce the ROS generation in the mitochondria, while low oxidant production inactivates UCP2 [85] . But the function of the uncoupling proteins is not only controlled at the posttranslational level, transcriptional [86] [87] [88] [89] [90] and translational [41, 91] control of the protein expression was also described. Regulation at this level seems to help adapt the cells to longterm stress. Thus hyperglycemia itself induces UCP2 expression in some cell types, eg. in beta cells [92] and venous endothelial cells (S1 Fig) [93] and we also observed increased expression level in the muscle in diabetic mice ( S4 Fig). Consistently, we found that the glucose-induced mitochondrial ROS production is modest in the EA.hy926 venous endothelial cells [28] compared to the microvascular endothelial cells, in which hyperglycemia does not alter the expression of UCP2 (Fig 1) .
Modulation of UCP2 was recommended in diabetes complications [94] , since the induction of UCP2 expression is safe: the function of the protein is further controlled at the posttranslational level and it also occurs as an endogenous protective mechanism. Our results confirm that upregulation of UCP2 expression confers benefit against glucose-induced mitochondrial ROS production (Figs 2-4 and 8) in microvascular endothelial cells. The functional benefit of uncoupling protein induction in diabetes is also supported by the finding that overexpression of UCP3 (that functions similarly to UCP2 but shows distinct expression profile) is protective against glucose-induced damage in neurons [95] . However, the regulation of UCP2 expression is a complex and incompletely understood process and there is no pharmacological tool available to upregulate UCP2 expression. At the RNA level UCP2 expression is affected by micro RNAs (miRNA) in the 3' untranslated region of the gene: they either stabilize or destabilize the UCP2 transcript upon binding [90] . The expression of UCP2 can also be induced via removing the heterogeneous nuclear ribonucleoprotein-K (hnRNP-K) mediated suppression as it was shown for angiopoietin-1 in endothelial cells [96] . This mode of action is believed to act at the posttranscriptional level (though the mRNA level of UCP2 was not measured) and also involves phosphorylation by Src tyrosine kinase, a target of glucocorticoid steroids [97] . We found that glucocorticoids increase the mRNA level of UCP2 (Figs 4 and 5) , thus we suspect that the regulation occurs via the above mechanisms, especially, since they could explain the cell-type restricted action of steroids. The microRNA expression profile of the microvascular endothelial cells differ form the macrovascular aortic or venous cells [98] , and glucocorticoids induce robust changes in the miRNA expression in the cells [99] [100] [101] . Also, the heterogeneous nuclear ribonucleoprotein subtypes show cell-or tissue specific expression pattern [102] . Interestingly, dexamethasone was reported to induce UCP3 expression in C2C12 muscle cells [40] via a glucocorticoid response element (GRE) located in the promoter region of the UCP3 gene. But, this mechanism is unlikely to be involved in the UCP2 gene expression, since its promoter region does not contain such sites and the glucocorticoid receptor (GR)-mediated actions occur similarly in most cell types, so the induction would not be cell-type specific. At the translational level, UCP2 expression was reported to be affected by glutamine [41] and we found that availability of this amino acid can stimulate the expression of UCP2 in endothelial cells and promote its antioxidant effect (Fig 6) if steroids induced the expression at the mRNA level.
Conclusion
We conclude that UCP2 induction may represent a novel experimental therapeutic intervention in diabetic vascular complications. Direct repurposing of glucocorticoid steroids may not be possible due to their significant side effects that develop during chronic administration, but the UCP2-inducing pathway is may be amenable to upregulation by other pharmacological means that do not affect the glucocorticoid receptors. Additionally, the short-term use of the glucocorticoid receptor antagonist mifepristone may be considered during short hyperglycemic episodes. We expect that specific pharmacological tools that induce UCP2 expression in the microvasculature will be shortly available and that will allow the translation of this concept to clinical practice. 
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